Photonic crystals with a finite size can support surface modes when appropriately terminated. We calculate the dispersion curves of surface modes for different terminations using the plane wave expansion method. These non-radiative surface modes can be excited with the help of attenuated total reflection technique. We did experiments and simulations to trace the surface band curve, both in good agreement with the numerical calculations. * Electronic address: soukoulis@ameslab.gov 1
The most well-known feature of Photonic crystals (PCs) is the photonic band gap (PBG), inside which the electromagnetic waves are prohibited to propagate in all directions [1] . However, when appropriately terminated, PCs can support surface modes with frequencies lying inside the PBG [2] . Surface modes are easily obtained for one-dimensional PCs (stacks of alternating continuous layers) and their dispersion relation has been obtained experimentally and theoretically [3] .
For a 2D PC the existence of surface waves has been shown theoretically (in band structure calculations for semi-infinite PC) [4, 5] and experimentally by attenuated total reflection (ATR) measurements [6] . Further numerical work has shown that the existence and dispersion of surface waves at a 2D PC are very sensitive to the surface termination [5, 7] . When terminated improperly, both the poor impedance matching and the interaction with surface modes can disrupt the electromagnetic wave propagation and are bad to the performance of photonic devices such as PC waveguides and PC cavities [7] . Recent studies also show that when the PC is appropriately periodically corrugated at the surface, enhanced transmission and beaming of light can be achieved through a PC waveguide with a subwavelength width [8, 9, 10] . This effect is due to the excitation of surface modes and constructive interference at the axis of the waveguide.
In this paper, we study experimentally and numerically the dispersion relation of surface modes for different surface corrugations that support surface waves. In contrast to previous work, we determine experimentally the complete dispersion relation of the surface modes within the photonic band gap of the PC.
In addition to the well-known theoretical band-structure calculations for the infinite periodic PC we also perform full-wave frequency-domain finite element (FEMLAB) simulations to determine the surface mode dispersion relation numerically for a finite PC and compare the three different approaches.
The 2D PC we study is a square array of square alumina rods, 21 layers in x direction and 15 layers in y direction. The lattice constant is a = 11 mm and the square rods are of dimension d = 3.1 mm with permittivity 9.8 and height h = 15 cm (Fig. 1) . With the help of the supercell technique, the band structure of the finite-size PC can be calculated using the plane wave expansion method [11] . We studied TM (electric field along the rods) modes through out the work since only TM modes can give a full band gap for a two dimensional PC [2] . As shown, for example, in Fig.2 (a), the PC has a band gap in between the light gray areas. There are no modes inside the band gap.
The uncorrugated PC does not support surface waves (in the lowest total band gap); to observe surface modes we have to corrugate the surface layer of the PC, rendering it different from the air on one side and the PC bulk on the other side.
The actual shape of the corrugation layer elements is not very important. We use cylindrical rods of different diameters, but also cut semi-cylinders [6] , rectangular cross-section rods different from the ones comprising the bulk PC [12] or geometrically identical rods with different dielectric constant might be used. However, there is no guarantee to obtain surface modes for a particular surface termination; the surface layer parameters have to be chosen carefully for the corrugated PC to support surface modes in the band gap of the bulk PC.
In order to support surface modes, we add a new layer at the surface of the PC with circular alumina rods as a periodic corrugation (Fig. 1) . The band structure of the corrugated PC was Since surface modes lies to the right of the light line, they cannot be excited by propagating waves directly. To observe a surface mode experimentally, we use the ATR method (Otto configuration) [13] . Consider a dielectric prism with index of refraction n. If the incident angle θ at the reflecting surface is larger than the critical angle θ C , θ > θ C = sin −1 (1/n), total internal reflection occurs at the outgoing interface. When there is nothing behind, the incident wave would be totally reflected. However, apart from the reflected wave, total reflection also involves a transmitted evanescent wave which travels along the interface and decays exponentially away from the surface. That is because the wavevector component parallel to the interface,
is conserved across the interface. So outside the prism, the wavevector component perpendicular to surface, k y , is imaginary. When we put the corrugated PC close to the prism, the tail of this evanescent wave may couple to a surface mode at the surface of the PC. By changing the incident angle, we can change the value of k x and get coupling with different surface modes. By plotting the experimental results at different incident angles, the surface band can be obtained.
The first ATR experiment on surface modes of PC was reported more than 10 years ago [6] .
However, it was not straightforward to see the coupling of surface waves from the experimental data and a dispersion relation was not obtained experimentally. In our experiment, an HP-8510 network analyzer was used to measure the S parameters so that the reflection spectrum can be immediately seen. A pair of horn antennas serves as transmitter and receiver (Fig. 1) . The dielectric prism used in our experiments is an isosceles-right-triangle-shaped wedge with side length of 15 cm and with index of refraction n = 1.61. The horn antennas were placed in such a way that the E field is polarized along the dielectric rods. For a given incident angle, Snell's law was used to identify the angle and position of the horn antennas such that the setup is symmetric along the dashed line.
The ATR method requires the structure to be set close to the prism to get good coupling effect because the evanescent waves decay fast; however, while we are making use of the prism, the prism itself modifies the surface modes especially when it is very close to the structure. To get a satisfying experimental result, we need to optimize the airgap size to be able to record the mode while keeping the structure as far away from the prism as possible. In Fig. 3 the solid curves show the coupling effect at different air gap sizes at incident angle 53 o for the PC with corrugation layer of circular rods with diameter D = 2.44 mm. You can see clearly in Fig. 3 that when the surface waves are excited, there is a very well defined dip in the reflection data. This is well shown for the distance of g = 10 mm. In Fig. 4 , one sees clearly that a surface wave is excited and almost no reflection is seen. Fig. 4 is an illustration of field distribution when a surface mode is excited,
given by simulation. A surface wave with intensity much stronger than the incoming wave is seen along the corrugation layer of the PC. Actually the intensity of the surface wave is so strong that the reflected wave is hardly seen. This effect is observed as a dip in the reflection spectrum of the prism in our experiments (see Fig. 3 for g = 10 mm). The prism disturbs the coupling and the observed reflection dip position when the air gap is small; the dip converges to a constant frequency as the air gap increases. At larger incident angles, the coupling of the evanescent waves to surface waves is smaller and the dip position converges faster. This is because larger incident angle provides larger k x and thus larger absolute value of imaginary k y ; so the evanescent wave decays faster. For the surface corrugated PC, the ATR dip is still strong enough to be observed when the air gap between the prism and the surface of the structure is 10 mm and is already converged except at incident angles near the critical angle. For a single layer of corrugation rods, the coupling is not as strong as for the full structure (PC and corrugation layer) case. To get good coupling, for the single corrugation layer, the air gap size is chosen to be 7 mm. have converged yet at the largest air gap. So the overall experimental error is larger.
Simulations with a similar setup were done in FEMLAB and the results are shown in Fig.5 .
In the simulations, the source is a Gaussian beam normally incident at one side of a right-angled dielectric wedge. The rod array is set behind the hypotenuse of the wedge. The reflected power is obtained by integrating over the other side of the wedge. To get a coupling at different angles, the two acute angles of the wedge are changed so that the Gaussian beam is always normally incident on the wedge. Compared with experiments ( Fig. 3) , the reflection spectrum in simulations is always smoother. Also, the coupling can still be seen when the air gap is several centimeters large.
The simulation results are in excellent agreement with the supercell calculations, as shown in Fig. 5.
In conclusion,we have investigated the excitation of surface waves on surface-corrugated PCs 
